Ions released from metals are an issue in regard to their biocompatibility. We immersed titanium in mixed solutions of organic acids contained in human saliva. The results suggest that titanium elutes in the oral cavity, and that it is, therefore, necessary to consider the possibility of allergic reactions to titanium.
Introduction
Titanium is widely used in dental restorations and implants, and has been shown to exhibit chemical stability and high levels of biocompatibility. [1] [2] [3] However, several reports have also described patients who did not adapt well to these casts 4, 5 or were allergic to the metal. [6] [7] [8] [9] Corrosion of metal objects in the oral cavity, especially release of ions from the metals, is an issue in regard to their biocompatibility. Further, a number of in-vitro studies have confirmed elution of titanium in immersion experiments, [10] [11] [12] [13] while others have revealed that titanium dissolves in some organic acid solutions, with different types of reactions. [14] [15] [16] Dental restorations usually come into contact with whole saliva, which contains various substances, such as plaque constituents, gingival crevice fluid, exfoliative gingival epithelial cells, protein, microorganisms, and organic acids. 17 The concentrations of each of these substances varying depending on various factors. Several studies have been conducted to determine the concentrations of organic acids in the saliva under specific conditions. 18, 19 We considered it important to examine the reactions of titanium, such as the number of ions released, when it is immersed in mixed organic acids contained in the saliva in an environment similar to that found in the oral cavity, in order to elucidate its corrosion resistance. The purpose of this study was to determine the elution quantity of titanium following its immersion in a mixed solution of organic acids with the same composition as that in human saliva, and to consider the possibility of allergic reactions to titanium in the oral cavity.
Materials and Methods

Preparation of specimens
Commercially pure titanium was used (Pure Tita nium A, JIS class 2, J. Morita Mfg. Corp., Kyoto, Japan) (Table 1) ; the metal was arcmelted and cast in an aluminamagnesia mold (Tita Vest CB, J. Morita Mfg. Corp.) using an argonarc melting/ pressure casting machine (Cyclarc 2, J. Morita Mfg. Corp) according to the manufacturer's instruc tions. The surfaces of the cast specimens were sub jected to air abrasion with alumina powder parti cles measuring 50 mm in diameter, and then finished up to ASTM #800 silicon carbide paper. To remove the reaction layer, 2022 the surface thick ness of each specimen was reduced by 250-300 µm during the abrasion process. Subsequently, the specimens were subjected to ultrasonic cleaning in distilled water and acetone for 15 min each to remove dust and grease, and then stored in a des iccator. A total of 12 large specimens, each with a final size of 15 mm × 20 mm × 1 mm, and 3 small specimens, each with a final size 5 mm × 5 mm × 1 mm were prepared. The solubility and weight changes were examined using the large speci mens, while micrographs of the surfaces were ob tained from the small specimens.
Immersion solution
Three different solutions were prepared for the immersion testing. Lactic acid was diluted with distilled water to a final concentration of 128 mmol (hereafter referred to as LA, pH 2.52), as the con trol, as described previously. 1416 In addition, we prepared two different mixed organic acid solu tions by referring to the organic acid constituents of whole stimulated saliva reported by Shibata et al. 18 One of the solutions was composed of organic acids at 7.13 mmol/ℓ (7.13MOA, pH 2.78), the same concentration as that in whole stimulated saliva, and the other was composed of the organic acids at 128 mmol/ℓ (128MOA, pH 2.08), the same concen tration as that in the LA control. Table 2 shows the acid constituents of the mixed organic acid so lutions. While the total concentration of the or ganic acids differed between the two organic acid solutions, the composition ratio of the acids in the two solutions was the same.
Immersion of the specimens
According to previous studies, 1416 each titanium specimen was entirely immersed in 10 ml of the immersion solution in a 50 ml centrifuge tube, then covered with a lid to prevent evaporation. Each tube was shaken at 80 rpm in an isothermalshak ing bath (Shaking Bath BW200, ThermoMate BF400, Yamato Scientific Co., Ltd., Tokyo, Japan) at 37°C. Three weeks later, the specimens were removed from the tubes, and subjected to ultra sonic cleaning in distilled water and acetone for 15 min each. After drying in a desiccator, the weight and properties of the surface were examined.
Observation and analysis
Concentration of dissolved ions
The amounts of the dissolved ions in the immer sion solutions in each tube were measured 5 times using an Inductively Coupled PlasmaAtomic Emission Spectrometer (ICPAES, SPS1700HVR, Seiko Instruments Inc., Chiba, Japan), with the mean of the obtained values regarded as the amount of dissolved ions released from the speci men. Values below the detectable limit (0.005 ppm) were regarded as 0 ppb. Titanium standard solutions for atomic absorption spectrometry di luted to 1 ppm and 5 ppm with unused immersion solutions were used as the standard reagents. The amount of dissolved ions by area was determined by dividing the measured amount of dissolved ions by the surface area of the specimen.
Weight changes
The specimens were weighed using an electronic analytical balance (AEM5200, Shimadzu Co., Kyoto, Japan, minimum = 0.001 mg). The weights of the polished, washed, defatted, and dried speci mens before immersion, and those of the washed, defatted and dried specimens after immersion were measured twice, followed by determination of the mean. The degree of weight change by area was determined by dividing the difference in the mean weight measured before and after immer sion by the surface area of the specimen.
Micrographs of the surface configuration
To assess minute configuration differences of the surface between the specimens, we examined the same 4 areas on the surface of each small speci men before and after immersion using a scanning electron microscope (SEM, S3500N, Hitachi Co. Ltd., Tokyo, Japan).
Statistical analysis
The amount of dissolved titanium ions in the solu tions, changes in the weight of the specimens, and discoloration of the surface of each specimen were statistically examined using oneway analysis of variance (ANOVA) at a = 0.05. If the difference was significant, Fisher's PLSD multiple-compari son test was used for further analysis (a = 0.05). StatView-J 5.0 for Macintosh (HULINKS, Inc., Tokyo, Japan) was used for the statistical analy sis. Figure 1 shows the amounts of dissolved titanium ions in the immersion solutions. The mean con centrations of titanium ions in the 7.13MOA, 128MOA, and LA solutions were 1.29 (SD 0.02), 5.06 (SD 0.04), and 2.37 (SD 0.12) mg/cm 2 , respec tively (p < 0.0001). There was a significantly great er quantity of titanium eluted in the 128MOA so lution as compared with that in the 7.13MOA and LA solutions (p < 0.0001), while there was a sig nificantly lower amount of titanium eluted in the 7.13MOA solution as compared with that in the LA solution (p < 0.0001). Figure 2 shows the values for weight loss observed in the specimens after immersion. The mean weight loss of the specimens in the 7.13MOA, 128MOA, and LA solutions was 9.38 (SD 1.14), 17.87 (SD 1.33), and 2.49 (SD 0.84) mg/cm 2 , respectively (p < 0.0001). Thus, the weight loss increased in the or der of LA, 7.13MOA, and 128MOA. Figure 3 shows SEM images of the same parts of representative specimens before and after immer sion, respectively. In the 7.13MOAimmersion samples, no clear change in the surface character istics was seen after the immersion. In contrast, in the 128MOAimmersion samples, the surfaces showed change to a more rough texture (circle in the figure) and dulling of the edges (arrow in fig  ure) . As for the LA-immersion samples, only a slight change of the surface characteristics was recognized (arrow in figure) .
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Discussion
It is generally considered that titanium has greater stability and biocompatibility as compared to most other dental metals. 13 However, Lalor reported that erethism toward titanium was found in 12.5% of 16 subjects (12 controls, 4 allergic patients), 6 while Abdalla reported a case of allergic reaction that seemed to be caused by a pacemaker made of titanium. 7 Thus, titanium may not be as safe for use in all individuals as was thought before.
Metals that are attached in the oral cavity are eluted and ionized, and can then become haptens, with antigenicity. Therefore, it is important to clarify the corrosion behavior, especially ions re leased, of dental metals used in the oral cavity to elucidate their biocompatibility.
In the oral cavity, the coexistence of inorganic matter, such as kalium, calcium and sodium, and organic acids, such as lactic acid, formic acid, and acetic acid from the saliva, with bacteria and food has been reported. 17 The concentrations of these substances in the oral cavity constantly change. Shibata et al. determined the organic acid concen trations in whole stimulated saliva collected from 31 nonmetal allergy patients (10 males, 21 fe males; mean age 53.3 ± 13.8 years). 18 Several previous reports have examined the reactions of titanium in immersion solutions. Okazaki et al. reported that the amount of dis solved titanium ions in a lactic acid solution was greater than that in saline and artificial saliva. 12 Koike et al. 14 and Kurogi et al. 16 found that the quantity of titanium eluted after immersion in lactic acid was 0.38 ppm/cm 2 , and in formic acid was 0.009 ppm/cm 2 (128 mmol solutions, 37°C, im mersion time 3 weeks). The concentration of the lactic acid solution used in these previous studies was the same as that in the solution that we used in the present study as control (LA), and the quan tity of titanium eluted was also the same. It was thought that to examine the elution of titanium in the oral cavity, it would be necessary to clarify not only the degree of elution in a simple substance solution, but also in solutions containing several organic acids. In the present study, we immersed titanium in a mixed organic acid solution that had the same concentrations of the acids as those re ported by Shibata et al. in the saliva 18 (Table 2) . As a control, we diluted lactic acid with 128 mmol of distilled water, as described previously. 14, 15 In addition, we prepared two kinds of mixed or ganic acid solutions by referring to the concentra tions of the organic acids contained in whole stim ulated saliva reported by Shibata et al. 18 The present 7.13 mmol/ℓ solution contained the acids at the same total concentrations as those in whole stimulated saliva, while the 128 mmol/ℓ solution had the same concentrations as those in the con trol.
The pH of the solutions used in the present study was 2.78 for 7.13MOA, 2.08 for 128MOA, and 2.52 for LA. The pH of human saliva ranges before immersion after immersion 128MOA LA from 6.2-7.6 (mean 6.7), while that in foods and beverages can range from 2.0 to 11.0. 23 In the oral cavity, such a low pH value would not persist for a long period, because of the buffering action of the saliva, however, we do not consider it as an unrea sonable value.
The amount of dissolved titanium ions in the 128MOA solution was significantly greater in comparison with that in the LA solution (Fig. 1) , and the weight loss in the 128MOA was also sig nificantly greater in comparison with that in the LA solution (Fig. 2) . In the 128MOA solution, the degree of elution of the specimens was only 2.1 times greater than that in the LA solution, where as the weight decrease was 7.2times greater than that in LA. Thus, the ratio of change of the two parameters was not the same. In other words, the elution of titanium was promoted more in the mixed organic acid solutions than in the lactic acid solution, and the weight loss in the mixed organic acid solutions was promoted by the addition of other factors.
There remains a thin layer of oxide on the tita nium surface after the reaction layer is removed. It has been reported that lactic acid and oxalic acid reduce the thickness of the oxidation layer of titanium, causing a decrease in the weight, and that formic acid and acetic acid increase the thick ness of the oxidation layer of titanium and in crease the specimen weight. 1416 On classifying the organic acids used in this study based on the chemical structure, oxalic acid and succinic acid are dicarboxylic acids, while lactic acid, citric acid, and malic acid are hydroxyl acids, therefore these acids specifically reduce the oxide layer, to produce a decrease in the weight of the specimens. On the other hand, acetic acid, formic acid, propionic acid, and pyruvic acid are all monocarboxylic acids. It is thought that these have the same activity, increase the thickness of the oxide layer, and increase the weight. Formic acid has both aldehyde and car boxyl groups, and has a different action that in creases the thickness of the oxide layer to a great er degree with titanium, because of the activity of the aldehyde group. 16 Phosphoric acid is generally applied directly to rusted iron surfaces to convert iron oxide to watersoluble phosphate compounds, so it was thought that phosphoric acid would have the same action: reduce the thickness of the oxide layer, resulting in decrease of the specimen weight, on titanium. To summarize the actions of each or ganic acid, the acids causing reduction of the tita nium oxide accounted for 70% of the constituents of the solution with citric acid, phosphoric acid, lactic acid, malic acid, and succinic acid. This might have resulted in the greater decrease of the weight than that corresponding to the quantity of elution. According to the SEM images in the 128MOA im mersion samples, the surface showed changes to a more rough texture and dulling of the edges. We speculated that a local increase in the oxidized layer and local elution of titanium cooccurred at the same time in the mixed organic acid solutions. Further examination was necessary to clarify the interactions of these nine organic acids.
Comparison of LA and 7.13MOA, which con tained the same concentrations of the acids as those in whole human stimulated saliva, the amount of dissolved titanium ions in the 7.13MOA was sig nificantly lower than that in the LA solution ( Fig.  1) , but the weight loss in the 7.13MOA solution was also significantly greater than that in the LA solution (Fig. 2) . Therefore, even if the concentra tions of the acids in the mixed organic acid solu tion were low, the reduction of the titanium sur face was great. It could be considered that the chemical stability of titanium, the surface of which is covered with a thick oxide layer, is hard to main tain in the environment of oral cavity.
Conclusion
During this study, titanium ions eluted more in a mixed solution of organic acids comprised of acids found in the human saliva than in a simple sub stance organic acid solution.
The opportunities to use titanium in the oral cavity are increasing more and more because of the increase in the number of patients who did not adapt to other metals and because of the wide spread use of oral implants. Although the biocom patibility of titanium must ultimately be regarded, not only the results of this study, but also those of other in vitro, in vivo, and clinical investigations, suggest that titanium attached in the oral cavity could dissolve, and that it is necessary to consider the possibility of allergic reactions to titanium.
